We demonstrate that a field effect transistor ( 
The mobility values are more than four times larger compared with that in previous studies, which indicates the improved quality of h-BN/BP interfaces (7) . In spite of using the advanced fabrication technique,  FET and  H saturate at T<20 K, which implies that the disorder scattering dominates over the phonon scattering in this temperature regime, which limits the hole mobility at cryogenic temperature (9) . The increase of  H with the carrier density p (Fig. 1c) suggests that the disorder potential is likely created by residual impurities and can be screened by the mobile carriers (7, 10, 11) . The scattering behavior changes at high temperatures (T>100 K).  FET and  H decrease with increasing T and follow the dependence T    , where  =1.9 and 2.0 characterize the dependence for  H and  FET , respectively (black line in Fig. 1c) . The large  values imply that the acoustic phonon rather than the optical phonon scattering dominates over the scattering by the residual impurities in this temperature regime. It is very noticeable that the room temperature hole mobility  H = 5200 cm 2 /Vs closely approaches the theoretically predicted hole mobility for a clean five-layer BP sheets, which lies in the range between 4,800 cm 2 V -1 s -1 and 6,400 cm 2 V -1 s -1 (9) . The realization 4 of the predicated mobility value, which is solely limited by the phonon scattering at room temperature, is another demonstration of the improved BP heterostructure quality.
Quantum Hall Effect (QHE) in BP 2DHG
Figure 2a shows Hall resistance R yx and magnetoresistance R xx as a function of the magnetic field, which is measured in a clean heterostructure at the base temperature of the experiment (T=2 K) and at the gate voltage Vg= −60 V corresponding to the highest charge carrier mobility.
R yx exhibits a clear plateau structure that coincides with the minima in R xx oscillations. R yx at the plateau assumes the values h/e 2 where  is an integer number. Thus, Landau level (LL) filling factor  can be unambiguosly assigned to each plateau. Sweeping the back gate voltage V g at a fixed magnetic field, as shown in Fig. 2b for B=14T, allows the reduction of the charge carrier density gradually and reveals R yx plateau formation at both even and odd integer filling factors from  =12 to =2. QHE observations at even and odd integer indicate the lifting of twofold spin degeneracy at high magnetic field. R yx at =2 plateau deviates from the exact quantization value, which is solely caused by the degradation of the ohmic contact quality at low carrier concentrations. R xx minima at all integer do not reach a zero value because of the thermal activated transport resulting from the high base temperature of our experiment (Supplemantary Materials). Inspit of this the presented transport characteristics manifest QHE in the state-of-theart BP-heterostructure, and the thermal activtion energies (energy gaps between LL) for =14 at B=10.47T and =12 at B=12.13 T are determined to be 0.71 and 0.97 meV respectively according to the thermal activated R xx minima(Supplementary Materials).
Now we draw our attentention to the transport at low magnetic fields. The oscillating behavior in R xx (Fig. 2a ) sets on at B=4 T, which exhibits the sequence of only even filling factors. The 5 splitting of R xx oscillations at higher field occurs and develops rapidly in the magnetic field, suggesting that the exchange interaction strongly affects the splitting(12-14). Such a behavior signals the lifting of the spin degeneracy and adds the R yx quantization at odd-filling factors. The
Fourier transformation of R xx oscillations (Fig. 2c ) reveals two oscillation frequencies confirming both the lifting of spin degeneracy and the absence of another high mobility parallel conducting channel. Thus, such a system lends itself to probe the mass and the Lande g-factor of holes in BP layers.
Effective mass, spin susceptibilty, and Lande g-factor in BP 2DHG
The most commonly reported values of effective hole mass in BP are scattered around the value 0.26 m 0 , where m 0 is the electron free mass (Table S1 ) (6, 8, 15 BP that is due to the weak spin-orbit coupling strengths(7).
Spin-selective quantum scattering in BP 2DHG
Figure 3a and when the interaction effects are neglected, the SdH oscillations can be described using Lifshitz-Kosevitch (LK) formalism, as follows: This study has achieved a record high carrier mobility in a few-layer BP FET that is fabricated based on h-BN encapsulation under vacuum conditions. High-quality BP FETs show clear QHE in laboratory magnetic field. The LL crossing has been studied using the standard coincidence technique, and some quantum transport related parameters, such as the effective mass, spinsusceptibility, and Lande g-factor have been determined accordingly. A spin-selective quantum scattering mechanism is proposed to interpret the unexpected experimental data.
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Financial Landau level in two dimensional hole gas systems can indicate the current-induced coupling of the edge and bulk channels (6) (7) (8) (9) . When the Fermi energy (E F ) approaches the center of i th Landau level, the i th channel carriers produce a current in the bulk (extended states), which gives rise to the finite resistivity along the sample (9). According to Ref. (9) , the finite resistivity of sample channels may involve charge carrier transitions from the edge channels into the bulk followed by the charge carriers transitions through bulk channels to the opposite sample edge.
Due to the different current carrying abilities between edge and bulk states, a chemical potential 29 difference is induced between the edge channel and the adjacent part of the bulk by the applied current (9) (Fig.S8a) However, in our case, the spin-orbit coupling is too weak to generate the mixing states (10, 11) .
The transitions between spin polarized states are therefore forbidden. Experimentally, the most remarkable features of the coupling for the edge and bulk channels -the spin-dependent nonlinearity of peak values with respect to the excitation voltage (V ds ) has not been observed (Fig.S8b) . 
